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Abstract:

Understanding flow pathways and mechanisms that generate streamflow is important to understanding agrochemical
contamination in surface waters in agricultural watersheds. Two environmental tracers, υ18O and electrical conductivity (EC),
were monitored in tile drainage (draining 12 ha) and stream water (draining nested catchments of 6-5700 ha) from 2000
to 2008 in the semi-arid agricultural Missouri Flat Creek (MFC) watershed, near Pullman Washington, USA. Tile drainage
and streamflow generated in the watershed were found to have baseline υ18O value of �14Ð7‰ (VSMOW) year round.
Winter precipitation accounted for 67% of total annual precipitation and was found to dominate streamflow, tile drainage, and
groundwater recharge. ‘Old’ and ‘new’ water partitioning in streamflow were not identifiable using υ18O, but seasonal shifts
of nitrate-corrected EC suggest that deep soil pathways primarily generated summer streamflow (mean EC 250 µS/cm) while
shallow soil pathways dominated streamflow generation during winter (EC declining as low as 100 µS/cm). Using summer
isotopic and EC excursions from tile drainage in larger catchment (4700-5700 ha) stream waters, summer in-stream evaporation
fractions were estimated to be from 20% to 40%, with the greatest evaporation occurring from August to October. Seasonal
watershed and environmental tracer dynamics in the MFC watershed appeared to be similar to those at larger watershed scales
in the Palouse River basin. A 0Ð9‰ enrichment, in shallow groundwater drained to streams (tile drainage and soil seepage),
of υ18O values from 2000 to 2008 may be evidence of altered precipitation conditions due to the Pacific Decadal Oscillation
(PDO) in the Inland Northwest. Copyright  2009 John Wiley & Sons, Ltd.
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INTRODUCTION

Stable isotope ratios of water (2H and 18O) have been
useful tools in watershed studies over the past 40 years,
and have helped hydrologists gain insight into soil and
surface water dynamics within watersheds (Zimmermann
et al., 1967; Gat and Levy, 1978; Gat and Gonfiantini,
1981; Barnes and Allison, 1983, 1984, 1988; Gibson
et al., 1993, 1998, 2000, 2002, 2005; Gat, 1996; Kendall
and McDonnell, 1998; Gibson, 2001, 2002). By combin-
ing stable isotope hydrology with hydrochemistry, a bet-
ter understanding of the hydrologic processes that shape
intra-watershed dynamics can be achieved (Hooper et al.,
1990; Shanley et al., 2002).

Understanding the isotope hydrology of managed agri-
cultural ecosystems could contribute to (i) development
of fate and transport models to understand surface and
ground water contamination as a result of agricultural
practices, (ii) the implementation of environmentally-
sound artificial tile drainage systems, and thus (iii)
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optimizing productivity while minimizing environmen-
tal impacts. Tile-drained catchments generate significant
agrochemical pollution in surface waterways in some
areas of the United States (Kladivko et al., 1991; Ran-
dall et al., 1997; Cambardella et al., 1999). Therefore it is
vital to understand how pedologic and hydrologic setting
influences the surface and subsurface transport pathways
of these chemicals.

Numerous studies have investigated intra-watershed
dynamics during precipitation events using isotopic and
geochemical compositions observed at different reaches
of small watersheds. This research has been conducted
in various climatic conditions, including humid and
temperate forested catchments (Hooper and Shoemaker,
1986; Hooper et al., 1990; Genereux et al., 2002, 2004,
2006; Peters and Ratcliffe, 1998; Gburek and Folmer,
1999; Gibson et al., 2000; Endreny, 2002; Shanley et al.,
2002), alpine or northern latitude catchments (Gibson
et al., 1993; Laudon and Slaymaker, 1997; Carey and
Quinton, 2005; Kvaerner and Klove, 2006, 2008), and
coastal semi-arid catchments in Australia (Barnes and
Allison, 1983, 1984, 1988; Walker and Brunel, 1990;
Marimuthu et al., 2005, Gibson et al., 2008), and other
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semi-arid cathments (Strauch et al., 2006), or it has
been aimed at identifying spring source and precipitation
contribution to groundwater in arid climates (Winograd
et al., 1998).

Stable isotope ratios have been applied to storm
hydrograph separation (Sklash et al., 1976; Sklash and
Farvolden, 1979), and can identify ‘old’ and ‘new’ water
(pre-event and event waters, Genereux and Hooper, 1998)
contributions to streamflow during events. On the other
hand, electrical conductivity (EC) can identify hydrologic
pathways, based on local geology and mineral-water
interaction time, where higher EC implies long and deep
subsurface pathways and lower EC implies short and
shallow subsurface pathways (Freeze and Cherry, 1979).
Hooper and Shoemaker (1986) at the Hubbard Brook
Experimental Forest in New Hampshire, and Shanley
et al. (2002) at the Sleepers River Research Watershed
in Vermont, both used geochemical and stable isotope
data to create hydrograph separations to identify ‘old’
and ‘new’ water contributions to stream flow during
storm events and spring snowmelt. Both studies observed
υD and υ18O values that were high during the winter
and low in April as snow pack (low isotopic values
relative to rain) melted and increased discharge from
the watersheds. They also found, like their predecessors
(Sklash and Farvolden, 1979), that baseflow actually
contributed a substantial amount of water to streamflow
generation even during storm events. Genereux et al.
(2002, 2004, 2006) identified sources of groundwater
discharge to surface water using both geochemical and
stable isotope data in a small lowland watershed in Costa
Rica. Isotopic variation in precipitation was not large
(mean υ18O was �3Ð4‰ (VSMOW), SD 2Ð04‰), but was
slightly seasonal. They also found that isotopic data are
sometimes unreliable due to temporal variability in υ18O
values within sites and additional environmental tracer
data were needed to perform water budget calculations.

The Palouse region in eastern Washington offers
a unique opportunity to investigate catchment-to-basin
scale hydrologic dynamics in a rain-fed semi-arid agri-
cultural watershed. This region is typical of many water-
stressed parts of the world where groundwater exploita-
tion is greater than recharge to the regional aquifer. Long-
term water level declines and concern for the sustainabil-
ity of the Grande Ronde aquifer has lead to a number of
studies regarding regional aquifer recharge (Lum et al.,
1990; Larson et al., 2000; O’Geen et al., 2005; Douglas
et al., 2007) that have only briefly characterized surface
hydrology. This fact leads to the need to evaluate surface
and shallow groundwater (Wanapum aquifer) as possible
future water resources. As a result, understanding surface
flow pathways and water quality is essential.

The goal of this research was to investigate the
behavior of oxygen isotopes in precipitation, soil water,
and stream water over a period of 7 years to identify
the sources and mechanisms of streamflow generation,
and trace the seasonal isotopic evolution of stream
waters, in the Missouri Flat Creek (MFC) watershed
in eastern Washington State. The specific objectives

were to (i) characterize seasonal watershed response
to precipitation inputs using stable isotope systematics
and EC of surface and soil waters, (ii) characterize
the isotopic evolution of υ18O values in surface waters
from catchment-to-basin watershed scales ranging from
monthly to annual time scales, (iii) estimate evaporative
flux from stream waters in summer using both stable
isotope and EC mass balances, and (iv) test previous
models of infiltration and streamflow generation in the
MFC watershed.

METHODS

Site description and sampling locations

Research was performed within the MFC watershed
(46°4604400N, 117°0501900W), located in the Palouse River
Basin, north of Pullman, Washington, in the semi-arid
area of the Palouse in eastern Washington and north-
ern Idaho (Figure 1). Annual precipitation in the area
ranges between 31–58 cm y�1 (Donaldson et al., 1980),
with the majority of precipitation occurring in winter.
Mean temperatures ranged from 27 °C in the summer to
�7 °C in the winter (Geyer et al., 1992). Rain-fed cul-
tivation agriculture dominates the region and crops con-
sist mostly of grains and lentils, which are rotated. The
area’s topography is characterized by rolling hills (up to
50 m of local relief) of deflation loess deposits overlying
Columbia River Basalt flows (McDonald and Busacca,
1992). Soils in the region are silt loam Mollisols, which
have been mapped as part of the Palouse-Thatuna Asso-
ciation soil series (USDA, 1978). Subsurface lateral flow
components make important contributions to streamflow,
particularly during periods of high precipitation after soil
wetting has occurred (Mallawatantri et al., 1996; Brooks
et al., 2006; Keller et al., 2008). As is common in areas
of poor drainage, low-lying areas are artificially drained
with ‘tile’ drains (perforated PVC pipe that is buried hor-
izontally in the ground), which act as linear sinks for
shallow groundwater during periods of high precipita-
tion, short-circuiting slower lateral drainage pathways to
streams. Perched water tables are common in this area
of eastern Washington due to widespread occurrence of
hydrologically restrictive horizons, fragipans, and argillic
horizons (O’Geen et al., 2005). The tile-drained propor-
tion of the total study area is unknown.

Hydrologic monitoring was performed from October
2000 to February 2008, at six locations within the MFC
watershed, which corresponded to the outlets of five
nested catchments (Figure 1), and sampling was con-
ducted at least bimonthly, and more frequently during
periods of high precipitation. Locations ES-6 and ES-106
on the Cook Agronomy Farm (CAF), a no-till experimen-
tal farm operated by the US Department of Agriculture-
Agricultural Research Service (USDA-ARS), were an
ephemeral rill and a stream draining approximately 6 ha
and 106 ha, respectively, and flowed episodically during
winter after precipitation events or periods of snowmelt.
TD-12 was a tile drain outflow draining approximately
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Figure 1. Digital elevation model of the MFC watershed (lower panel) (6000 ha), which drains to the South Fork of the Palouse River and is tributary
to the Palouse River (upper panel) (draining 647 500 ha). MFC catchment sampling locations and areas (ha) are shown by stars. TD is tile drain and

ES is ephemeral stream (Modified from Abdou, 2003)

12 ha at the southwest corner of CAF (Keller et al.,
2008) and was only dry in August. MFC-660 was a ditch
draining 660 ha consisting of tile and non-tile drained
fields, and flowed throughout the year. Tension and zero-
tension lysimeters, installed in a trench at depths of 20,
65, and 90 cm 10 m north of the TD-12, were sampled
regularly until a large flooding event pulled the tubing
from the lysimeter cups in 2006. MFC-4700 and MFC-
5700 were ephemeral streams draining approximately
4700 ha and 5700 ha, respectively, of the MFC water-
shed. Surface water levels at MFC-660 and MFC-4700
were measured every hour with a Global Logger pres-
sure transducer and gauged using the Manning equation
to calculate discharge in mm day�1. Discharge at TD-
12 was periodically measured in triplicate with a bucket
and stopwatch and converted to mm day�1. Daily dis-
charges and precipitation were summed and runoff ratios

were calculated on a yearly basis. Volumetric soil water
content was measured at four depths (25–85 cm) by time
domain reflectometers (TDR) installed at TD-12.

Sample collection and lab preparation

Field collection methods for waters were designed
to be consistent with US Geological Survey (USGS)
sampling methods (Shelton, 1994). All samples and
field blanks were collected in 250 ml HCl acid-washed
Nalgene bottles. EC and temperature were measured
using a temperature compensated EC probe (model 115,
Orion/ThermoFisher Scientific). Samples were then vac-
uum filtered through Whatman 0Ð45 µm cellulose nitrate
membrane filters, transferred to acid-washed scintillation
vials, and stored in a dark cabinet at room temperature
for υ18O analyses.

The oxygen isotope composition of waters was mea-
sured using a continuous-flow gas chromatograph (GC)
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(GasBench II, Thermo Finnigan) mass spectrometer
(Delta S, Thermo Finnigan) located in the GeoAna-
lytical Lab in the School of Earth and Environmen-
tal Sciences (SEES) at Washington State University
(WSU). Out of each sample 500 µl was pipetted into
a sodaglass Exetainer (product code 738 W, Labco
Limited) and tightly fitted with a septum. Samples
were then placed in a temperature-controlled tray set at
32 °C. Equilibrated headspace CO2 (Epstein and Mayeda,
1953) was then transported via an inert He carrier
through the GC and to the Faraday detectors measur-
ing atomic masses 44, 45, and 46. Gas Bench υ18O
analytical uncertainty was š0Ð28‰ and method uncer-
tainty, due to storage issues prior to 2004, was con-
servatively estimated to be š0Ð58‰ (Goodwin, 2006).
Raw υ18O values were first temperature corrected fol-
lowing Bottinga and Craig (1969) and Bottinga and
Javoy (1973) and then corrected according to known iso-
topic standards VSMOW (υ18O D 0Ð0‰), GISP (υ18O D
�24Ð78‰), SLAP (υ18O D �55Ð5‰), and three inter-
nal standards: WAWA 1 (υ18O D �16Ð48‰), WAWA
2 (υ18O D �16Ð67‰), and DIWA (υ18O D �18Ð87‰)
(Goodwin, 2006). Measured 18O/16O ratios were reported
as υ18O with units of ‰ (per mil) relative to VSMOW.

Precipitation amounts were monitored from October
2000 to December 2007 and bulk samples were collected
bimonthly in acid-washed 1000 ml Nalgene bottles,
which were placed beneath a tipping-bucket at TD-12.
Meteorological data were collected at ES-6 up to Jan-
uary 2006. Due to vandalism to the rain collector at
ES-6, meteoric data after January 2006 was used from
the Smokey Air Data (SAD) website published by the
WSU College of Engineering as part of their environ-
mental measurements course (http://smokey.ce.wsu.edu/
airdata/Met Data/, accessed April 2008). Precipitation
υ18O data were both monthly and seasonally volume
weighted.

Estimation of surface water evaporation based on υ18O
and EC

The Craig-Gordon model (Craig and Gordon, 1965) as
modified by Gibson et al. (1993) was used to estimate the
summer evaporative flux based on isotopic fractionation
of surface waters at MFC-4700 and MFC-5700. The
Craig-Gordon model of the evaporative flux, υE, in delta
form is defined as

υE D ˛ŁυL � hυa � εŁ � ε

�1 � h� C ε/103 ³ υL � hυa � εŁ � ε

�1 � h�
�1�

where

εŁ D �1 � ˛Ł� Ð 103 �2�

ε D �1 � h� Ð � Ð n Ð CD Ð 103 �3�

CD D 28Ð515‰

� D 1

n D 0Ð5 �4�

h is the relative humidity (0 to 1), υa is the isotopic
composition of atmospheric water vapor, υL is the liquid
water isotopic composition, � is the weighting factor
which is 1 for small surface water evaporation that does
not induce an increase in relative humidity, and n is an
empirical term that is 0Ð5 for an open water body under
natural conditions. Detailed description and derivation of
the Craig-Gordon model are provided in Gat (1996).

The Craig-Gordon model was modified by Gibson
et al. (1993) in order to estimate the evaporation-to-input
fraction (E/I) for two lakes in northern Canada. This iso-
topic mass balance approach utilized the equilibrium frac-
tionation factor for liquid water-to-water vapor (L–V)
established by Horita and Wesolowski (1994):

103 ln ˛L–V ³ L–V D υ18OL � υ18OV �5�

L–V ³ �7Ð685 C 6Ð7123

(
103

T

)

� 1Ð6664

(
106

T2

)
C 0Ð35041

(
109

T3

)
�6�

υ18OV D υ18OL � L�V �7�

where υ18OV is the estimated isotopic composition of
water vapor, υ18OL is the isotopic composition of the
evaporated liquid, and T is the average temperature in
Kelvin for the entire study period (8Ð38 °C D 281Ð53 K)
for the MFC watershed.

Gibson et al. (1993) used an approximate value for
υ18OV (Equation 7) and measured υ18OL to estimate the
limiting isotopic enrichment (υŁ), where υŁ is defined as
follows:

υŁ D hυ18OV C L–V

h � L–V
�8�

and

E/I18O D 1 � h

h
Ð υ18OL � υ18OP

υŁ � υ18OL
�9�

E/I18O is the evaporation-to-input fraction, and υ18OP

is the isotopic composition of the source water (pre-
cipitation υ18O for Gibson et al., 1993; TD-12 υ18O
from summer drainage for MFC). Evaporative isotopic
fractionation is dependent on the relative humidity and
decreases as relative humidity increases until isotopic
equilibrium is met at 100% humidity (Craig, 1961).
Monitored temperature ranges in MFC did not vary con-
siderably, which reduced υŁ (and therefore E/I18O) depen-
dency on L–V and increased υŁ dependency on humidity
and υ18OV (Horita and Wesolowski, 1994). An average
relative humidity of 0Ð384 was estimated based on humid-
ity data collected by the WSU College of Engineering
from 2005 to 2007 in addition to estimates of relative
humidity from other vadose zone evaporation studies in
the region (DePaolo et al., 2004). For summer, υ18O val-
ues were higher than the estimated υŁ, and calculated
E/I18O fractions were greater than 1 (Aug–Oct); for this
reason, MFC-4700 υ18O values were averaged over the
entire summer.
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Figure 2. Precipitation amounts are monthly (A), precipitation υ18O (VSMOW, ‰) was monthly volume weighted (B), and discharge was measured
at TD-12 (C). Mean TD-12 υ18O was �14Ð7‰ (SD 0Ð92‰) represented by gray bar in panel B. Precipitation υ18O was generally higher during
summer and lower during winter; ¾67% of annual precipitation fell between October and April. The superscript letters (a,b) denote periods of

meteorological data logger malfunction were supplemented with National Atmospheric Deposition Data (NADP) and WSU Smokey Air Data

Independent estimates of seasonal evaporation were
obtained via simple mass balance using:

E/IEC D �ECSurfacewater � ECTD–12�

ECSurfacewater
�10�

where ECSurfacewater is the average nitrate-corrected EC
over the entire summer (MFC-4700) or the average
nitrate-corrected EC from August-October (MFC-5700),
ECTD�12 is the average nitrate-corrected EC from TD-
12 discharge over the same time periods for MFC-4700
and MFC-5700, and E/IEC is the evaporation-to-input
fraction, in this case based on EC enrichment instead of
υ18O enrichment.

RESULTS
Precipitation and streamflow generation in the MFC
watershed

Precipitation in the region originates from westerly
storm fronts that move into eastern Washington from

the Pacific moving over the Cascade Mountain Range
(Takeuchi et al., 2009). Over the study interval, an
average of 67% of annual precipitation fell between
October and April. Winter precipitation took the form
of snow during the coldest parts of the wet season
between November and February where mean monthly
temperatures were below 0 °C. Typically, snow pack
was intermittent during winter as warm weather usually
melted snow between events. Late winter precipitation
was usually in the form of rain and was regional in
nature. Summer precipitation was usually in the form of
short, isolated thunderstorms, and overland flow (during
summer or winter) was not observed or measured during
this study (Keller et al., 2008).

Discharges at TD-12, MFC-660, and MFC-4700 (lower
panels, Figures 2–4, respectively) were large in the
winter, beginning typically in January-February after
approximately 150 mm of precipitation early in the
water year, which increases the soil water content in
the upper 1 m of the soil profile (Keller et al., 2008).

Copyright  2009 John Wiley & Sons, Ltd. Hydrol. Process. 24, 446–460 (2010)
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Figure 3. EC (A), υ18O (B), and discharge (C) at small catchment scales (6 to 660ha). Sharp isotope excursions in ES-6 (e.g. January, 2004), which
were driven by precipitation or melting events, were dampened in MFC-660 and barely evident in TD-12. υ18O analytical error was 0Ð58‰

Summer discharges at all sites in the watershed dropped
dramatically as soil water content decreased after the
onset of spring crop growth, and rainfall was intercepted
by plants rather than feeding deep percolation. Discharge
at TD-12, MFC-660, or MFC-4700 ceased during some
years toward the end of summer.

Alfalfa (Medicago sativa) was planted in the spring of
2006 and consisted of a 20 m strip abutting the drainage
ditch and running north from the TD-12 outlet. Alfalfa is
a deep-rooted perennial that is often used as a hydrologic
barrier of subsurface drainage to edge of field ditches.
The alfalfa did not apparently affect TD-12 discharge for
the water year 2006–2007.

Peak winter discharge fluxes (mm day�1) observed at
MFC-660 and MFC-4700 had similar values and were
synchronous to TD-12 peak discharge flux. Summer
discharges at MFC-4700 decreased as summer progressed
until harvest in August. During some years, MFC-5700
and MFC-4700 became dry at the end of July.

Runoff ratios (discharge flux/precipitation flux) were
calculated for TD-12 and MFC-660 (Table I). Years with
low runoff ratios corresponded to years with below
normal precipitation. Runoff ratios for the MFC ranged
between 0Ð1 and 0Ð4 with an average of 0Ð2. For this
study, discharge measured at MFC-660 was probably
the most accurate because TD-12 discharge was gauged
manually when sampling rather than hourly, and MFC-
4700 stream morphology changed during the study due to
increased sediment. A data logger malfunction occurred
from July to September 2007 at MFC-660, but flow
was minimal at this time and this malfunction did not
cause significant error in runoff ratio calculations for that
year. Runoff ratios were calculated for available USGS
historical data (Williams and Pearson, 1985) at the MFC
outlet (nearly equivalent to MFC-5700), South Fork of
the Palouse River at Pullman (34 200 ha), and Palouse
River at Hooper (647 500 ha) (Table II). Runoff ratios
at these larger scales were similar over the different
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Figure 4. EC (A), υ18O (B), and discharge (C) at large catchment scales (4700–5700 ha). Sinusoidal υ18O seasonality coincides with EC seasonality
and is driven by evaporation of the surface water. Black horizontal line in panel B is the average υ18O baseline value at TD-12 (�14Ð7‰, SD 0Ð92‰)

over the course of the study

averaging periods and were around 0Ð2, which were
similar to runoff ratios calculated at TD-12, and MFC-
660 for most years of this study.

Stable isotopes of MFC waters

On the Palouse, monthly volume-weighted winter
precipitation υ18O values ranged from �18‰ to �12‰,
while summer months had υ18O values ranging from
�11‰ to �4‰ (Table I, Figure 2). In general, monthly
volume-weighted winter precipitation samples (Figure 2)
showed lower υ18O values than summer precipitation.
Variability in υ18O values of winter precipitation can be
attributed to a combination of temperature and source
area effects (in this case, latitude effect with storm front
origin of British Columbia vs California).

The grand mean of all observed TD-12 and MFC-
660 υ18O values (Table II; Figure 3) was �14Ð7‰,
SD 0Ð93‰. Three sharp 18O depletion events occurred

in March 2002, January 2004, and December 2007
where TD-12 υ18O values were �16Ð1‰, �16Ð4‰, and
�15Ð8‰, respectively. MFC-660 waters were even more
18O depleted at these times and closely matched υ18O val-
ues from ES-6 (Figure 3). These events coincided with
very low EC. Two abnormal 18O enrichment peak events
occurred in March 2003 and February to March 2007 with
TD-12 υ18O values of �13Ð0‰ and �13Ð6‰, respec-
tively, which coincided with highly 18O enriched win-
ter precipitation and overland flow at ES-6. Excursions
observed during the first year of this study were due to
sample storage issues (Goodwin, 2006) and were ignored.

MFC-4700 and MFC-5700 υ18O values responded
rhythmically and consistently from summer to winter
(Figure 4). Summer υ18O values exhibited enrichment
that consistently peaked at �11‰ and �11Ð9‰ in July
and August for MFC-4700 and MFC-5700, respectively.
Four extreme 18O enrichment events at MFC-4700, which
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Table I.

Season/year
(October-March:
winter) (April-
September: summer)

Total
seasonal

precipitation
(mm)

Seasonal-volume
weighted

O18O
(‰)

Total
water-year

precipitation
(mm)

Yearly
discharge

fux TD-12
(mm/year)

Yearly
discharge

flux MFC-660
(mm/year)

Yearly
runoff
ratio

(TD-12/PPT)

Yearly
runoff
ratio

(MFC-660/PPT)

Winter 2000–2001 195 No data
Summer 2001 141 �12.4

336 78 69 0.23 0.21

Winter 2001–2002 344 �15.6
Summer 2002 111 �13.8

456 —a 95 —a 0.21

Winter 2002–2003 372 �13.0
Summer 2003 97 �11.2

469 106 68 0.23 0.15

Winter 2003–2004 267 �15.8
Summer 2004 174 �10.2

442 212 123 0.48 0.28

Winter 2004–2005 186 �13.0
Summer 2005 148 �12.7

334 57 46 0.17 0.14

Winter 2005–2006 260 �14.5
Summer 2006 173 �12.6

433 138 100 0.32 0.23

Winter 2006–2007 312 �13.7
Summer 2007 109 �12.7

421 102 68b 0.24 0.16b

Winter Mean 277 �14.3
Summer Mean 136 �12.2

Winter and summer seasonal precipitation O18O values from 2000 to 2007 were volume weighted. All O18O values are relative to VSMOW. Yearly
discharge flux is the total water-year discharge/area. Yearly runoff ratio is the discharge flux/precipitation flux.
a Data not available.
b MFC-660 was ungauged un July–September of 2007. The runoff contribution for that period was very small and its omission negligibly affects the
results.

Table II.

Gauging station (USGS ID) Drainage
area
(ha)

Period of
historical

data

Average
watershed

precipitation
(mm)

Average
discharge

flux
(mm/year)

Average
runoff
ratio

Missouri Flat Creek at Pullman (13 348 500) 7019 1934–1979 533 108 0.20
SF Palouse River at Pullman (13 348 000) 34 188 1935–1980 559 103 0.18
Palouse River at Hooper (13 351 000) 647 497 1898–1979 457 85 0.19

Historical gauging data collected by the USGS at three stations within the Palouse River Watershed (Williams and Person, 1985).

were not seen at MFC-5700, occurred in June 2001,
April, 2003, August 2005, and July 2007, with υ18O
values reaching �6Ð6‰, �5Ð1‰, �4Ð8‰, and �8Ð2‰,
respectively. Winter υ18O values consistently dipped to
approximately �14Ð5‰ for most years. Two extreme 18O
depletion events occurred in January/February 2002 and
January 2004, with υ18O values reaching �17Ð4‰ and
�18Ð6‰, respectively for MFC-4700 and �16Ð9‰ and
�17Ð8‰ for MFC-5700. These 18O depletion events
coincided with the depletion events noted above at ES-
6, TD-12, and MFC-660, as well as with highly 18O
depleted precipitation at that time.

Soil water in shallow lysimeters (Figure 5C) had a
more rapid, high-amplitude isotopic response to precipita-
tion inputs than deeper lysimeters, and TD-12 υ18O values
during some peak flows reflected a shallow soil water
input to tile drainage. However, this shallow water sig-
nal appeared to be short-lived where sampling frequency
was sufficient to test this (e.g. December 2003–January
2004).

Electrical conductivity of MFC waters

In uncontaminated water samples, measured EC is
a good proxy for ionic load, mineral—water interac-
tion time, and flow pathway (Freeze and Cherry, 1979).
Because dissolved agricultural nitrate and its counteri-
ons (KC and Ca2C) can increase EC measurements by
as much as 30% during intervals of high nitrate concen-
tration, the effect of this contamination is subtracted out
of measured values using the procedure of Keller et al.
(2008) documented by Simmons (2003) and Wannamaker
(2005). The term ‘EC’ will henceforth refer to EC val-
ues corrected for nitrate contamination by this procedure.
EC was measured to be near 0 µS cm�1 for most precip-
itation samples. However, occasional samples did have
detectable EC that may represent contamination of rain
droplets in summer as a result of throughfall to the rain
collector (via tall grass interception), or settling of dust
particles during summer harvest that accumulated in the
rain collector and interacted with slightly acidic rainwater
in the funnel and Nalgene bottle. TD-12 and MFC-660
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Table III.

Sample site Average
winter
d18O

(permil)

SD Average
summer

d18O
(permil )

SD Average
d18O

(permil)
for site

SD Average
winter

EC
(µS/cm)

SD Average
summer

EC
(µS/cm)

SD

ES-6 �15.4 1.9 �13.3 1.2 �14.8 1.9 130 124 223 56
ES-106 �15.1 1.8 �13.1 1.5 �14.4 1.9 135 110 249 42
TD-12 �14.8 0.7 �14.6 1.2 �14.7 0.9 205 81 240 26
MFC-660 �14.5 1.8 �14.3 0.7 �14.4 1.4 199 96 257 39
MFC-4700 �14.5 3.1 �12.6 2.2 �13.6 2.9 217 93 318 55
MFC-5700 �13.9 1.4 �14.4 1.4 �13.2 1.2 249 116 662 82
Surficial groundwatera — — — — �14.7 0.7 — — — —
Wanapum groundwatera — — — — �15.2 0.3 — — — —

Seasonal-volume weighted d18O for precipitation and sampling sites from 2000 to 2007. All d18O values are relative to VSMOW. Winter months
are from October 1 to March 31 and summer months are from April 1 to September 30.
a Data are from Larson et al., 2000.

discharge EC showed definite seasonality with an aver-
age EC of 240 µS cm�1 in summer and an average of
205 µS cm�1 during the winter (Figure 3, Table III). In
the relatively wet years of 2001–2002, 2003–2004, and
2006–2007, the winter EC ‘trough’ value was ¾100 µS
cm�1 (Figure 3). Keller et al. (2008) hypothesized that
lower TD-12 EC in the winter was the result of mobilized
shallow pore water mixing with deeper profile waters,
while higher EC in the summer was dominantly deeper
soil water.

Surface waters at MFC-4700 and MFC-5700 show
greater seasonal EC variability than those at TD-12
and MFC-660, with average summer EC of 375 µS
cm�1 and 480 µS cm�1 for MFC-4700 and MFC-5700
waters, respectively, while the average winter EC was
200 µS cm�1 for both MFC-4700 and MFC-5700 waters
(Table III and Figure 4). The winter EC ‘troughs’ were
similar to those exhibited by TD-12 and MFC-660. MFC-
5700 waters exhibited EC values that were slightly higher
than EC for MFC-4700 waters for the same sample date.

DISCUSSION

Precipitation υ18O input to soil water and resulting υ18O
composition of streamflow

An arresting aspect of our data is the consistency of
υ18O values in discharge from TD-12 and MFC-660 over
the study period (Figures 3 and 5A). With highly seasonal
υ18O values for precipitation inputs to soil, it might be
expected that TD-12 discharge would follow seasonal
trends if simple piston flow were the primary mechanism
of soil water transport from surface to tile drain. This is
not the case, and average TD-12 discharge is isotopically
indistinguishable from winter precipitation (Figure 6).
Therefore, winter precipitation seems to control the field
scale, deep soil water isotopic signature represented by
TD-12, while summer precipitation has little if any
influence. Our TD-12 discharge is isotopically very
similar to the shallowest groundwater values found by
Larson et al. (2000), who reported an average υ18O value
of �14Ð5‰ for groundwater in loess on the Palouse.

The stability of TD-12 υ18O values throughout the
year is probably attributable to summer precipitation that
does not reach drain depth, and smoothing of winter
precipitation υ18O variability due to mixing in the soil
profile. Soil water content from shallow to middle depths
reached minimum values during summer (Figure 5B) and
lysimeters were unable to collect pore waters at these
times (Figure 5A). It can be concluded that summer
precipitation was ‘filtered out’ of drainage as any summer
precipitation that infiltrated the soil was taken up by
plants and transpired. Conversely, winter precipitation
that infiltrated the soil mixed with deeper pore water
and variability in precipitation υ18O values was averaged,
except during high-flow events (Figure 5A). This mixing
of winter precipitation reduced TD-12 υ18O seasonality,
and as a result ‘old’ and ‘new’ water contributions to tile
drainage were largely indistinguishable on the timescale
of this study.

Seasonal variability of TD-12 EC indicates season-
ally different mean residence times among isotopically
indistinguishable waters. Observed lower EC in winter
TD-12 discharge (Figure 3, Table III) can be understood
as a combination of shallow and deep-water inputs. These
results differ from findings by Shanley et al. (2002) who
observed that during peak meltwater discharge, lower EC
coincided with the lowest υ18O values at their agricultural
site. One of the hypotheses proposed by Shanley et al.
(2002) to explain this behavior was that tile drainage
lowered the water table and therefore limited the stor-
age of ‘old’ water, which consequently decreased the
‘old’ water contribution while passing more seasonal pre-
cipitation variability more directly to stream water. By
contrast at TD-12, seasonal variability in υ18O values is
all but absent due to the filtering and mixing effects of a
relatively deep, high water-storage drainage pathway.

In discharge from MFC-660 and TD-12, there were a
few isolated cases where high flow was associated with
lower EC and υ18O values similar to the results found at
the agricultural site in the Sleepers River study (Shanley
et al., 2002). In January 2004, the isotopic composition
of the TD-12 discharge (�16Ð4‰, Figure 5A) was close
to the monthly volume-weighted υ18O for precipitation in
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Figure 5. Soil water dynamics at TD-12 sampling location from Oct 2003 to Nov 2004. (A) Monthly precipitation, (B) Monthly volume weighted
precipitation υ18O values, (C) TD-12 and lysimeter υ18O values, (D) volumetric water content (measured by TDR, from Keller et al., 2008), and

(E) MFC-660 discharge

January 2004 (�17Ð2‰). Additionally, the relatively sta-
ble soil water content at depth (85 cm) was also affected
by this period of high flow (Figure 5B). However, these
occurrences are probably attributable to preferential flow
pathways and were not typical or recurring events for the
MFC watershed over this 7-year study period. The event

that occurred in January 2004 had a short-term impact on
soil water dynamics, but it did not have lasting effects on
water chemistry for the following year.

During high flow events, MFC-660 υ18O tended to
track υ18O values for ES-6 (e.g. during winters of 2003
and 2004; Figure 3), and these events coincided with high
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Figure 6. Seasonally weighted precipitation υ18O (summer: April—September; winter: October - March). Average winter precipitation υ18O was
within one standard deviation of the �14Ð7‰ (SD 0Ð92‰) υ18O baseline found at TD-12 (represented by gray vertical bar)

or low monthly volume-weighted winter precipitation
υ18O at those times (compare with Figure 2). The close
relationship of ES-6 and MFC-660 during events suggests
that surface runoff may have occurred during high flow
especially in non-tile drained fields, as hypothesized by
Simmons (2003).

Keller et al. (2008) put forth a conceptual framework
that stated that streamflow generation was primarily from
discharge of soil water, and increased discharge in winter
was due predominantly to rapid lateral flow of shallower
soil water after soil water content was sufficiently high.
This was supported by observed seasonal variability of
EC in TD-12 and MFC-660, interpreted to indicate long
(and deep) flowpaths during summer, on which were
superposed shorter (and shallower) flowpaths in winter. A
stable υ18O baseline of �14Ð7‰ for TD-12 and MFC-660
discharge is not inconsistent with this conceptual frame-
work, but rather highlights the fact that isotopically ‘new’
and ‘old’ waters in discharge were not distinguishable
in this dataset except during occasional events. These
relationships are shown schematically in Figure 7. These
ideas are consistent with other studies in which stream-
flow was generated via soil wetting and lateral flow
along with occasional overland-flow events rather than
a bedrock source (Kvaerner and Klove, 2006, 2008)

Role of evaporation in isotope-geochemical evolution of
stream water

Winter υ18O values for surface waters at all catchment
scales were consistent from year to year, with mean win-
ter υ18O values closely matching the isotopic signature
of mean TD-12 discharge (Figures 3 and 4; Table III).
Superimposed upon this steady signal are the signatures
(e.g. ES-6) of occasional events, observed at MFC-660
and propagated down the watershed; and the rhythmic

summer-season 18O enrichment excursions observed at
MFC-4700 and MFC-5700 (Figure 4). These observa-
tions are consistent with a conceptual framework in
which soil water seepage via tile drains or directly to
ditches (Figure 7), originating as winter precipitation and
occasionally augmented by overland-flow events, is the
dominant source of streamflow generation in the MFC
watershed; and some other process or source modifies
the fundamental υ18O signature during low flow at large
catchment scales. Simmons (2003), observing high EC
at MFC-4700 during the summer, envisioned ground-
water from shallow basalts as a primary component of
downstream surface waters during low flow. If this were
the case, the υ18O value of this shallow basalt compo-
nent would have to be from �12‰ to �11‰ or higher
according to observed summer υ18O values at MFC-4700
(Figure 4). However, Larson et al. (2000) found consid-
erably lower υ18O values in basalt groundwater (�15Ð2‰
SD 0Ð3‰in the shallow aquifer and �16Ð7‰ SD 0Ð6‰in
the deeper aquifer).

Figure 4 further illustrates how υ18O and EC values
for MFC-4700 and MFC-5700 were rhythmically and
synoptically enriched compared to those of the discharge
from TD-12. We hypothesize that this was due to direct
evaporation from the stream water surface. The extent of
evaporation was roughly estimated by two independent
evaporation indices, E/Iυ18O (Equation 9) and E/IEC

(Equation 10). Estimates for E/Iυ18O for MFC-5700 show
significant evaporative loss from August to October after
harvest, with E/I18O ranging between 25% and 35% from
2001 to 2007. MFC-4700 E/I18O values ranged from 14%
to 45%. For the same time periods, E/IEC for both MFC-
4700 and MFC-5700 ranged between 30% and 40%.
The similarity of evaporative loss estimated by these
two independent methods supports the hypothesis that
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runoff, (2) shallow lateral flow, and (3) deeper percolation contributing to sustained TD-12 flow and soil seepage. Nitrate concentration [NO3

�] trends
summarized from Keller et al. (2008)

18O enrichment observed at MFC-4700 and MFC-5700
was due to evaporative enrichment of surface water in
summer, and does not reflect differing proportions of
‘old’ and ‘new’ water. Gibson et al. (1993) found that
evaporative flux made up 7–19% of total discharge for
two lakes in northern Canada, and 40% evaporation in
the upper reaches of a dryland river in Australia (Gibson
et al., 2008).

The isotopic results of our study seem to be in contrast
with the results of most previous isotope-hydrologic
watershed studies. Summer precipitation did not affect
the isotopic composition of MFC stream water as it did
in watersheds at Hubbard Brook (Hooper and Shoemaker,
1986), Sleepers River (Shanley et al., 2002), Panola
(Hooper et al., 1990), or La Selva Biological Station in
Costa Rica (Genereux et al., 2002, 2004, 2006). Hooper
and Shoemaker (1986) observed strong depletion events
in stream waters as a result of spring snowmelt at
Hubbard Brook, which were observed as excursions in
TD-12 and MFC waters during Jan-Feb 2004. Genereux
et al. (2002, 2004, 2006) observed two distinctive sources
of groundwater in stream waters in Costa Rica. By
contrast, it seems clear that soil water, and shallow
groundwater drained by drain tiles in the summer, were
the principal sources of streamflow generation in the
MFC watershed, and that evaporation (summer) and
occasional events (winter) were the principal sources of
isotopic variation in stream water. Our observed stream
systematics are similar to summer isotope enrichment
trends observed in dryland stream channels in Australia
(Gibson et al., 2008) and summer isotope enrichment
in rivers in Florida (Gremillion and Wanielista, 2000).
Event-based monitoring could resolve the contributions
of shallow and deep pore waters during these events
(e.g. Simmons, 2003). However, the stability of the TD-
12 and MFC-660 isotopic records is a key feature of
the isotope hydrology of this watershed. The superposed
effect of evaporation on EC and υ18O values in surface

waters increases the complexity of defining end-members
in hydrograph separations.

Implications for streamflow generation and shallow
groundwater recharge in the Palouse region

The isotopic composition at the Palouse River Water-
shed USGS gauging station at Hooper from 2000 to
2001 (Figure 8) showed strongly seasonal fluctuations
with enriched υ18O values in the summer (¾ � 11‰)
and depleted υ18O during the winter (¾ � 14Ð5‰). At the
same site, EC (non-nitrate corrected) from 1999 to 2004
showed seasonal variability with values peaking during
low flow (maximum summer EC of 380 µS cm�1) and
dipping to low levels during high flow (minimum winter
EC from 125 to 175 µS cm�1). This seasonal variation
for the Hooper gauging station, located 96 km west of the
MFC (Figure 1) and representing more than 100 times the
area of our largest catchment, is similar to observed iso-
topic and EC seasonality at MFC-4700 and MFC-5700. In
addition, historic data collected from 1898 to 1979 at the
Palouse River gauging station at Hooper, WA (Williams
and Pearson, 1985), provided a consistent runoff ratio of
0Ð2 (Table II). This indicates that the MFC watershed, and
mechanisms of streamflow generation (Figure 7) and sur-
face hydrologic dynamics, may be typical of other larger
agricultural watersheds in the Palouse region.

Larson et al. (2000) suggested that shallow basalt
ground water was recharged by recent precipitation
(within the past 10–100 years). They reported that shal-
low groundwater in the Wanapum aquifer had mean υ18O
composition of �15Ð2‰, which was statistically indistin-
guishable from groundwater in loess with a mean υ18O
composition of �14Ð5‰. These values are close to those
of mean winter precipitation (Figure 6, Table III) and
mean wintertime streamflow (Figures 3 and 4, Table III).
Taken together, these results indicate that winter pre-
cipitation is probably the source of both surface and
groundwater in this region.
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Figure 8. EC (A), υ18O (B), and discharge (C) (USGS data) dynamics observed in waters collected at the Palouse River gauging station at Hooper,
WA. υ18O and EC dynamics observed at both MFC-4700 and MFC-5700 in the MFC watershed were similar to those at Hooper

There appears to be a slight overall enrichment
trend in υ18O for TD-12 and MFC-660 discharge from
2000–2007 (Figure 3), which cannot be attributed to
errors. A simple linear regression of TD-12 υ18O values
vs. time in Figure 3B shows a positive linear increase in
υ18O values from 2000 to 2008 (υ18OTD–12 D �15Ð17 C
�3Ð4 ð 10�4� ð day, R2 D 0Ð13, F D 27Ð5, p < 0Ð0001).
Although slight, this decadal trend towards higher υ18O
values could be a result of increased average temperatures
for the Palouse. Assuming that the discharge υ18O trends
straightforwardly transmit precipitation υ18O trends over
this period, and using the global precipitation isotope-
temperature relationship from Dansgaard (1964), the esti-
mated temperature increase that could account for the
slight enrichment of TD-12 υ18O is 1Ð3 š 0Ð5 °C. Alter-
natively, a gradual increase in baseline υ18O at TD-12
may be the result of recurring El Niño/Southern Oscil-
lation events over the past decade (Jacobs et al., 1994).
However, El Niño events are short-lived (persistence of

6–18 months) and have primary effects on climate in
the southwestern United States and the tropics (Andrade
and Sellers, 1988), with only secondary effects in the
northwestern US. The more likely cause for the grad-
ual enrichment of υ18O in MFC soil waters may be
the Pacific Decadal Oscillation (PDO), which has been
shown to have primary and sustained effects (cycles of
20 years) on the climate of the northwestern US and
Canada (Kitzberger et al., 2007). For the past decade,
the PDO has exhibited a warming phase that has been
marked by warmer coastal waters off of Washington and
British Columbia, a colder Pacific Ocean north of 20°N
(http://jisao.washington.edu/pdo/, accessed April 2008), a
higher incidence of forest fires (Kitzberger et al., 2007),
and climatic changes in the western US (Benson et al.,
2003). The warm coastal waters and increased spring-
time temperatures may affect the isotopic dynamics of
late winter precipitation with less rainout and less deple-
tion of residual vapor masses that precipitate over the
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Palouse, which may produce changes in precipitation or
evapotranspiration patterns.

CONCLUSIONS AND IMPLICATIONS

Isotopic data collected in tile drainage and nested catch-
ments from 2000 to 2008 showed that winter precipita-
tion was the primary source of streamflow and shallow
groundwater recharge in the MFC watershed. υ18O values
for groundwater collected in loess and the shallow basalt-
aquifer were statistically indistinguishable from those in
our small-catchments, suggesting that recharge to these
systems could be from recent winter precipitation. This
suggests that contamination of the shallow basalt-aquifer
could occur as agrochemicals have been shown to mobi-
lize during high flow in winter (Keller et al., 2008).

The isotopic seasonality of stream waters in the MFC
watershed was likely due to in-stream evaporation at
larger catchment scales, and does not represent a separate
basalt groundwater source in this watershed. Identifica-
tion of seasonally-variable ‘new’ and ‘old’ water con-
tributions to TD-12 and MFC-660 discharges was not
possible using υ18O end-member mixing models, because
soil water seepage and tile drainage to ditches throughout
the year were generated by infiltration and mixing of win-
ter precipitation. Seasonal trends of EC from both TD-
12 and MFC-660 suggest that short, shallow subsurface
pathways contributed to winter stream water generation
and long, deep subsurface pathways dominated summer
stream waters. Events that rapidly changed water chem-
istry and isotopes were occasionally important to stream
water dynamics in the MFC watershed.

Isotope systematics for the MFC appears to be char-
acteristic of the larger Palouse River watershed. A slight
long-term enrichment trend in our tile drain data, and
the enrichment of seasonally volume-weighted precipita-
tion υ18O over the past decade, suggest that decadal-scale
climatic changes, such as PDO, may have impacted the
hydrology of the region.
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